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COATED CARBON NANOTUBE ARRAY ELECTRODES 



STATEMENT AS TO FEDERALLY SPONSORED RESEARCH 

The present invention was made with partial support from the US Army Natick Soldier 
5 Systems Center under grant No. DAAD 16-00-C-9227, Department of Energy under grant No. 
DE-FG02-00ER45805, the National Science Foundation under grant No. DMR-9996289 and the 
US Army Research Office under grant No. DAAD 19-00- 1-0001. 

FIELD OF THE INVENTION 

The present invention relates generally to electrically conductive carbon nanotube 
10 electrode materials, methods for their preparation and their use as electrodes in high performance 
rechargeable batteries. 

BACKGROUND OF THE INVENTION 

Carbon nanotubes (CNTs) offer significant advantages over other materials in that they 
possess substantially higher strength-to-weight ratios and superior mechanical properties. Since 

1 5 their discovery, there have been numerous disclosures in the art pertaining to synthesis and 
morphology of CNTs, including methods for controlling tubule growth during their formation. 
Efforts to realize many potential applications envisaged for CNTs include their modification to 
produce new one-dimensional nanoscale materials, introduction of foreign materials by capillary 
and electric arc methods, and conversion into nanoscale carbide materials such as silicon carbide 

20 (SiC), tungsten carbide (WC), etc. by reacting them with the corresponding metal-oxides. 

Electrically conductive polymers (ECPs) have been studied extensively over the past two 
decades. Simple ECPs, typically polypyrrole (PPy), polyaniline (PAni), polythiophene (PTh) 
and polyacetylenes (PA), can be prepared either chemically or electrochemically. Besides 
having relatively high conductivity in oxidized and ion-doped states, simple ECPs also show 

25 interesting physicochemical properties that are potentially useful in batteries, energy storage 
cells, sensors, capacitors, light-emitting diodes, and electrochromic displays. For many of these 
applications, especially in batteries, a high charge capacity is required. In order to increase the 
charge capacity of a polymer battery, the doping charge of the polymer film must be increased. 
This goal can be practically achieved by increasing the film thickness of ECPs. However, it has 

30 been found that the electrical performance of conducting polymers is strongly influenced by the 



kinetics of the doping-undoping process of ions within the film. For a conventional PPy 
electrode, increasing the film thickness causes deterioration of electrodic performance (e.g., 
charging-discharging rate) due to the long ion diffusion time and migration length in the thick 
film. It has been shown that a porous PPy structure with large specific surface area is a 
5 prerequisite for high-power applications due to the high charging and discharging rates. Films of 
nitrile-butadiene rubber (NBR) when used as a template for oriented growth of PPy in NBR 
matrix-grown PPy electrodes possess an open, porous structure with high surface area admitting 
a faster anion doping process than ordinary PPy electrodes. 

Methods for coating metals and organic conductive polymers on the surface of CNTs to 
10 produce one-dimensional nanoscale composites can be used in battery, magnetic storage, fuel 
cell, and composite applications, since they are extremely porous substrates with large surface 
area and possess good mechanical properties. The use of carbon substrates for improving 
mechanical properties of electrically conducting polymers is known. This method however, 
requires greater than 25% (by weight) of polypyrrole to be deposited on the fibers in order to 
15 achieve a continuos phase that is critical for electrical conductance. Efforts to use CNTs as 
viable substrates for electrically conducting materials disclosed in the art have been largely 
limited to fabrication of one-dimensional nanoscale composites of CNTs containing polypyrrole 
(PPy), nickel (Ni), Cobalt (Co), titanium (Ti), tungsten (W), palladium (Pd), gold (Au), 
aluminum (Al) and iron (Fe). Such composites, which are typically obtained by chemical 
20 synthesis, physical vapor deposition and electron-beam evaporation methods however, do not 
provide coating uniformity on the CNT surface, which is critical for their application in energy 
storage devices. This limitation is mainly attributable to tangling and isolation of randomly 
distributed CNTs in an array, resulting in overlapping of individual CNTs within the array and 
loss of coating contiguity, and therefore, causes electrical insulation between individual CNTs. 

25 SUMMARY OF THE INVENTION 

The present invention provides CNT electrode materials comprising aligned CNT 
substrates coated with an electrically conducting polymer and the fabrication of electrodes for 
use in electrical energy storage devices such as fuel cells and capicitors. In particular, the 
present invention provides surface modified carbon nanotube (CNTs) electrode material whose 
30 electrical properties render them suited for use in energy storage devices such as rechargeable 
batteries. More specifically, the present invention provides methods for obtaining surface 
modified CNT electrode materials comprising a CNT substrate containing a substantially 
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uniform surface coating of an electrically conducting polymer such as polypyrrole (PPy), 
wherein the CNT substrate comprises an array of individual linear CNTs are aligned with respect 
to one another. Linear CNTs as defined herein, refer to CNTs that do not contain branches 
originating from the surface of individual CNT tubules along their linear axes. The redox 
5 performance of the polymer coated CNT electrodes of the present invention is superior to 
conventional, flat titanium (Ti) and platinum (Pt) electrodes due to their substantially larger 
accessible surface area. The porosity of the electrodes of the invention, due to the hollow 
structure of the individual tubules within the aligned arrays, results in an especially large film 
formation charge (Qfiim) that is desirable for construction of high performance rechargeable 
10 batteries. The linear CNT tubules of the present invention further comprise a substantially 

uniform coating of an electrically conductive polymeric material. Preferably, the coated linear 
CNTs are aligned in an array. The present invention further comprises methods for using the 
energy storage CNT electrode materials in electrical storage devices. 

The electrically conducting CNT electrode material of the invention includes an aligned 
15 CNT array that is obtainable by known methods disclosed in the art. Such methods involve 
growing a CNT array on a metallic material containing a catalyst that is deposited on a surface. 
The catalyst facilitates CNT nucleation and the growth process on the metallic surface. In one 
embodiment, titanium (Ti) is used as a base surface upon which a nickel (Ni) layer is deposited 
(as the catalyst) by magnetron sputtering. Depending on the thickness of the catalytic Ni layer 
20 and growth time of CNTs, tubules having uniform lengths and similar diameters are obtainable. 
An electrically conducting polymeric film is subsequently deposited uniformly on the entire , 
surface of individual tubules in the CNT array. In a preferred embodiment, the polymer film is 
formed in-situ and deposited on the CNT tubule surface. The in-situ synthesis and deposition of 
the electrically conducting polymer film can be carried out by electrochemical polymerization of 
25 the corresponding monomer from either an aqueous solvent or mixed solvents in the presence of 
the aligned CNT array. The polymer coatings in the electrodes of the invention are rendered 
adherent by pre-treatment of CNT substrates with an acidic solution prior to the coating process. 

The in-situ formation of electrically conducting polymer film on CNT tubules by the 
methods of the present invention enables control of coating uniformity and film thickness of the 
30 electrically conducting coating polymer on individual tubules in the CNT array. The coating 
methods of the present invention overcome limitations of polymer solution coating methods to 
obtain electrically conducting polymer films on substrates. Such limitations include film non- 
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uniformity and variable coating thickness, which result in producing defects that produce 
electrically-insulating domains on the substrate surface. 

The present invention further provides methods for polymerizing monomers capable of 
forming electrically conducting polymeric films directly on the CNT surface in their doped or 
5 undoped states. Preferably, a solution containing the monomer is contacted with the CNT array 
substrate, following which the monomer is electrochemically polymerized in-situ to provide a 
uniform polymeric coating on the surface of individual CNT tubules comprising the substrate. 

In one aspect, the present invention provides a uniform film coating comprising an 
electrically conducting polymer, such as for example, polypyrrole (PPy) on a CNT substrate 

10 material having linear, longitudinally aligned array of tubules. The electro-deposition of 

conductive polymeric films on the CNT substrate material is preferably carried out in an inert 
atmosphere (in the absence of oxygen) to provide a surface coatings that are distributed 
uniformly and contiguously over the entire tubule surface. In another aspect, the CNT substrate 
material is pretreated with an aqueous acid, such as a mineral acid, to improve conductive 

1 5 polymer film adhesion to the substrate surface. 

The present invention also provides methods of fabricating the conducting polymer 
coated CNT electrode material into electrodes that are capable of charging and discharging 
electrical energy, thereby enabling their use as electrodes in energy storage and dispensation 
devices such as rechargeable batteries. The electrical storage properties of the CNT electrodes of 
20 the present invention can be measured by standard methods such as cyclic voltammetry. 

An advantage of the CNT coating methods of the present invention is that they enable the 
formation of highly uniform, contiguous, thin electrically conducting polymer films on a light 
weight mechanically strong, highly porous CNT substrate. The methods of the invention, 
therefore, provide electrode materials for fabrication of electrodes that are capable of superior 

25 electrical charge retention properties, enabling their use in high performance energy storage 

devices such as rechargeable batteries relative to conventional materials. Such devices utilizing 
electrodes of the present invention therefore, provide advantages of portability and fewer charge 
cycle requirement in comparison with devices containing conventional electrodes. The CNT 
electrode materials of the present invention, therefore, improve both performance and life of 

30 rechargeable batteries. 
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In one aspect, the present invention provides carbon nanotube (CNTs) substrates 
comprising uniform and contiguous electrically conducting polymer coatings that are capable of 
functioning as electrodes in energy storage devices. 

In another aspect, the present invention provides methods for coating CNT substrates 
5 with electrically conducting materials, particularly electrically conducting polymers that are 
capable of functioning as electrode materials. 

hi another aspect, the present invention provides methods of utilizing CNT substrates 
coated with electrically conducting materials as electrodes in energy storage devices such as 
rechargeable batteries. 

10 It is yet another aspect of the present invention to provide CNT electrodes containing 

electrically conducting polymers that are doped with n-type or p-type dopants for enhanced 
electrical conductivity. 

The foregoing and other objects, features and advantages of the invention will become 
more apparent from the following description of the figures and detailed description of particular 
15 embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The objects and features of the invention can be better understood with reference to the 
following detailed description and accompanying figures. 

Figure 1 shows SEM micrographs of (a) an aligned CNT array substrate (D: 80nm; L: 10\xm) 
20 grown on flat titanium substrate and (b) aligned CNT array substrate (tubule diameter: 50-70nm, 
length: 3-4[xm) grown on a titanium substrate by plasma-enhanced chemical vapor deposition. 

Figure 2 illustrates the potentiodynamic polymerization of PPy films in 0.1M LiC10 4 aqueous 
solutions. Monomer concentration (pyrrole): 17.3mM; Scan rate: 5 mV/s; Potential range: 0.0 - 
0.8 V/SCE; Initial potential: 0.0 V/SCE; Substrates: aligned CNT array (a), Pt (b) and Ti (c). 

25 Figure 3 shows SEM micrographs (3a and 3c) and the corresponding TEM micrographs (3b and 
3d) images of PPy films grown on aligned CNT array substrates with different film formation 
charge (Qni m ). 3a, 3b: 86.1 mC/cm 2 ; 3c, 3d: 1308.6 mC/cm 2 . 
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Figure 4 shows cross-sectional SEM images of PPy films grown on the flat metal substrates: 
4a Ti (645.1 mC/cm 2 ); 4b Pt (933.2 mC/cm 2 ). 



Figure 5 shows SEM micrographs of free-standing conductive CNT electrode material 
comprised of Ppy coated aligned CNT array substrate material formed with different Qni m , 
5 removed from the CNT catalyst substrate: 5a 100.3 mC/cm 2 ; 5b 1308.6 mC/cm 2 ; 5c 1533.3 
mC/cm 2 . 

Figure 6 TEM photomicrographs of Ppy coated aligned CNT array substrate with different film 
thickness due to different PPy film formation charge (Q fi im): 6a 86.1 mC/cm 2 ; 6b 207.9 mC/cm 2 ; 
6c 681.9 mC/cm 2 ; 6d 1308.6 mC/cm 2 ; 6e TEM image of a long PPy-coated carbon nanotube 
10 (Qfn m : 681.9 mC/crn 2 ). 

Figure 7 shows cyclic voltamrnograms of PPy films with small Q f a m in 0.1M LiClC>4 monomer- 
free aqueous solutions. Scan rate: 100 mV/s; Potential range: -0.9 - +0.3 V/SCE; Initial 
potential: -0.9 V/SCE. 

Figure Legends: PPy-coated aligned CNT substrate with Q fi i m = 86.1 mC/cm 2 ( ); PPy films 

15 on flat Ti with Q n]m = 93.3 mC/cm 2 ( ); and Pt with Q fi i m = 1 1 1 A mC/cm 2 ( ). 

Figure 8 shows cyclic voltamrnograms of PPy films with different Qfiim in 0.1M LiC104 
monomer-free aqueous solutions. Scan rate: 50 mV/s; Potential range: -0.9 - +0.3 V/SCE; Initial 
potential: -0.9V/SCE. 

(8a) PPy films on flat Pt substrates, Qf l)m : 1 1 1 .4 mC/cm 2 ( ); 307.5 mC/cm 2 (• • • •); 686.2 

20 mC/cm 2 ( ); 933.2 mC/cm 2 (— ■ ■ — ). 

(8b) PPy films on flat Ti substrates, Q fl | m : 93 .3 mC/cm 2 ( ); 227.7 mC/cm 2 (• ■ ■ •); 645. 1 

mC/cm 2 ( ). 

(8c) PPy-coated aligned CNT substrate, Q film : 86. 1 mC/cm 2 ( ); 207.9 mC/cm 2 ( ); 

681.9 mC/cm 2 ( ); 1308.6 mC/cm 2 ( ). 

25 Figure 9 shows cyclic voltamrnograms of the PPy films with large Q fimi in 0.1M LiC10 4 

monomer-free aqueous solutions. Scan rate: 25 mV/s; Potential range: -0.9 - +0.3 V/SCE; Initial 
potential: -0.9 V/SCE. 
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Figure Legends: PPy-coated aligned CNT substrate with Q fiJm = 1308.6 mC/cm 2 ( ); PPy 

films on the flat Ti with Q fl i m = 645.1 mC/cm 2 ( ) and Pt with Q fl i m = 933.2 mC/cm 2 ( 

---). 

Figure 10 shows the dependence of redox charge (Q rc dox) of Ppy aligned CNT substrate ( • ), 
5 PPy/Pt ( ^ ) and PPy/Ti ( ■ ) films on film formation charge (Qci m ). Q re dox is estimated from 
anodic charge of the cyclic voltammogram at 50mV/s. 

DETAILED DESCRIPTION OF THE INVENTION 

In one aspect, the present invention relates to high surface area conductive CNT electrode 
materials comprising of a CNT array substrate material capable of supporting an adherent 

10 electrically conducting polymer coating. In one embodiment, the CNT electrode material 

comprises a porous substrate material such as, for one example a plurality of linear CNTs having 
a pre-determined tubule morphology. The morphology of individual tubules comprising the 
CNTs can be cylindrical with a hollow core, or stacked conical segments ("bamboo-like"). 
Alternatively, the porous substrate material can be comprised of CNT tubules having a mixture 

1 5 of both morphologies. 

In one embodiment of the present invention, the CNT substrate material is comprised of 
an array of aligned linear CNTs wherein the longitudinal axis of individual tubules are oriented 
in a plane substantially parallel to one another. 

In another embodiment, the CNT substrate material forms one or more bundles upon 
20 being coated with the conductive polymer film. A bundle as referred to herein, refers to an 
aggregation of a plurality of individual tubules within an array and cohesively held together by 
the conductive polymeric film. Thus the plurality of tubules forming a bundle are packed 
densely enough to produce multiple points of electrical contract between individual coated 
tubules, thereby establishing electrical continuity throughout the three-dimensional array of 
25 CNTs within the bundle. Alignment of the individual carbon nanotubes within a bundle is 
dependent on the film thickness of the electrically conductive polymer coating. In a preferred 
embodiment, individual CNT bundles are free standing, that is, they do not require a supporting 
base substrate to maintain tubule array integrity in their individual bundles. 

In another aspect, the present invention provides conductive CNT electrode materials 
30 comprising porous CNT substrate materials having a substantially uniform and contiguous 
surface coating that is comprised of one or more electrically conductive polymers. 



The CNT electrode materials of the present invention are useful in the fabrication and 
manufacture of electrodes for incorporation in high-efficiency energy storage devices such as 
rechargeable batteries, fuel cells and capacitors. In a one embodiment, the porous CNT substrate 
comprises an aligned array of CNTs, wherein CNT tubules within the array comprise a surface 
5 coating of at least one electrically conductive polymer. The electrically conductive polymers of 
the invention are known in the art, and comprise essentially polymers having an extensively rc- 
conjugated backbones. Examples of electrically conductive polymers of the present invention 
include but are not limited to, for example, polypyrrole (PPy), polyaniline (PAni), polythiophene 
(PTh), polyacetylene (PA) and derivatives, and combinations thereof. In one embodiment, the 
10 conductive CNT electrode material comprises a plurality of electrically conductive polymers that 
are deposited as layered films on the surface of the CNT substrate. In a currently preferred 
embodiment, the electrically conductive polymer is polypyrrole (PPy). 

In another aspect, the invention provides a method of producing CNT electrode materials 
, that are free-standing (not bound to a support material) with good mechanical and electrical 

15 properties. In one embodiment, the free-standing, CNT electrode material comprises an aligned 
CNT substrate array coated with an electrically conductive polymer. In another embodiment, the 
CNT array substrate material, when subjected to the coating process of the invention, so as to 
provide a conductive electrical polymer film of finite thickness on the surface of individual 
tubules, results in "bundles" comprising an aggregate of a plurality of individual tubules. The 

20 individual tubules within each bundle are randomly aligned within a series of mutually parallel 
planes in a manner so as to provide a dense packing that is cohesively held together by the 
electrically conductive polymer coating material. This, in turn, provides multiple points of 
contact among individual tubules comprising the bundle, thereby establishing electrical 
continuity throughout the tree-dimensional array within each bundle. Individual bundles can, 

25 therefore, be rendered free-standing by peeling them off the CNT growth support surface, 
thereby providing free-standing conductive CNT electrode material. In a currently preferred 
embodiment, the CNT substrate is a well-aligned array of linear CNTs, and the electrically 
conducting polymer coating free-standing porous substrate electrode is polypyrrole (PPy). 

In a further aspect, the present invention provides methods for obtaining CNT electrode 
30 materials by coating porous CNT substrates with electrically conductive polymer films. In one 
embodiment, the coating process comprises coating the CNT substrate with an electrically 
conductive polymer dissolved in a suitable solvent, followed by removal of the solvent from the 
coated CNT surfaces by standard method to result in an electrically conductive polymer film 



coating. The polymer concentration in the coating solution can be varied to control film 
thickness. In a preferred embodiment, porous CNT substrates are coated with an electrically 
conductive polymer film by in-situ polymerization of corresponding monomers from solution 
directly on the CNT substrate surface. This method provides deposition of substantially uniform, 
5 homogeneous and contiguous polymer films that are substantially defect-free, and possess 

superior electrical properties. Electrically conductive polymers useful for the coating process of 
the invention include, but are not limited to, polypyrrole (PPy), polyaniline (PAni), 
polythiophene (PTh), polyacetylene (PA) and their substituted derivatives. The polymer coating 
preferably is obtained by in-situ solution polymerization of the corresponding monomeric 
10 compounds by electrochemical, photochemical or chemical methods. In a currently preferred 
embodiment, the electrically conducting polymer is PPy, which is obtained by direct 
electrochemical polymerization from a solution containing the corresponding pyrrole monomer 
on the surface of the CNT substrate array. 

In a currently preferred method, the direct in-situ polymerization of pyrrole on CNT array 

15 substrates involves a pre-polymerization de-aeration step wherein nitrogen gas is bubbled 
through an aqueous electrolyte solution (for example, 0.1M lithium perchlorate 
(LiC104))containing dissolved pyrrole monomer for about 30 minutes to eliminate dissolved 
oxygen. The CNT array substrate materials are pre-treated with an aqueous mineral acid 
solution, such as for example 15% wt. aqueous HN0 3? for about 30 minutes to remove traces of 

20 adherent metallic catalyst particles on individual CNT tubules. The polymerization process is 
subsequently carried out in a nitrogen atmosphere by standard electrochemical methods. The 
polymerization reaction is initiated potentiodynamically using a standard three-electrode cell, 
wherein the CNT substrate functions as one electrode, and a platinum wire functions the counter 
electrode in the electrolyte solution containing the pyrrole monomer. A saturated calomel 

25 electrode (SCE) is used as the reference electrode. The polymerization reaction and the film 
thickness of the deposited PPy films are monitored by cyclic voltammetry. PPy films are also 
electro-deposited on the flat metal surfaces (titanium and platinum) in a substantially similar 
manner to enable comparison of film adhesion and durability in the CNT electrode materials of 
the invention. All polymerization reactions are carried out at ambient temperature, and all 

30 potentials are referred to the saturated calomel electrode (SCE). 

Specific attributes and advantages of the electrode materials of the invention, as well as 
methods for their preparation, are described below with reference to relevant figures. 
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Figure la shows the typical morphology of as grown, aligned CNT array substrate 
materials comprising a plurality of individually aligned tubules on a nickel coated titanium 
surface. The individual tubule diameter ranges from about 50- 100 nm, and tubule length range 
from about 8-10 microns (|im), depending on the layer thickness of the nickel (Ni) catalyst and 
5 tubule growth time, respectively. Figure lb shows well-aligned carbon nanotubes (diameter: SO- 
TO nanometers (nm), length: 3-4\xm) grown on a titanium substrate by plasma-enhanced 
chemical vapor deposition. 

Figure 2 shows the current voltage response during the electrochemical synthesis of PPy 
films on the well-aligned CNT array substrate material (2a) in comparison with those on flat 

10 metal (Pt, and Ti) electrodes (2b, and 2c), respectively. The initial deposition of the PPy film 
begins at a potential of about 0.4 volts (V) in all cases. The growth behavior on the aligned CNT 
array substrate material is, however, very different from that on the flat metallic substrates. On 
flat metallic substrates (e.g. Ti and Pt), the growth current (~ +0.8 V) of PPy is very small (about 
3.06 xlO" 5 amperes/centimeter 2 (A/cm 2 ) and 3.91x 10" 4 A/cm 2 for Ti and Pt, respectively) in the 

15 first cycle, which then increases in value for each subsequent cycle. This behavior is indicative 
of a relatively high nucleation energy requirement at the beginning of the PPy film growth on 
metallic substrates. In contrast, on the aligned CNT array substrates, the current (~ +0.8V) in 
the first growth cycle is about 2.57x1 0" 3 A/cm 2 , which is more than 80 times greater than that on 
Ti substrate, and about 6.5 times greater than that on the Pt substrate. No significant increase of 

20 the current (« +0.8V) is observed on the CNT array substrate materials electrode in sequential 
cycles, while the current (~ +0.8V) is still much larger than that for either the Ti or Pt substrate. 
This behavior is attributed to the following: 1) the CNT array substrate material has a 
substantially high actual surface area due to the nanometer dimensions of individual tubules; 2) 
the surface of the CNT array substrate is more active (greater surface roughness) than that of flat 

25 metallic substrates; a lower nucleation energy is therefore required to initiate surface mediated 
polymerization of pyrrole; 3) the pre-treatment of CNT array material substrates in aqueous acid 
solutions, such as aqueous nitric acid, causes tubule surface oxidation, and introduces chemical 
functional groups on the tubule surface such as carboxylic acids. This enables the resulting 
oxidized, ionic (anionic) tubules act as a dopant, and improve polymerization of PPy. 

30 Figure 3 shows SEM and TEM micrographs that illustrate the morphologies of PPy- 

coated conductive CNT electrode material with varying film thickness; comparative the SEM 
micrographs showing the cross-sectional morphologies of the PPy films grown on flat Ti and Pt 
substrates are shown in Figure 4. As seen in Figure 3, the coating methods of the present 

10 



invention via in-situ polymerization provides highly uniform PPy films on the surface of 
individual CNT tubules, while the thickness of the PPy film is substantially smaller than those on 
the flat metal substrates (Figure 4). A film thickness of about 90 nm (Fig. 3d) is typically 
obtained on the CNT substrate by passing a charge of about 1308.6 millicoulomb/centimeter 2 
5 (mC/cm 2 ). In comparison, PPy film thicknesses of about 1 . 1 |uim (Fig. 4b) and about 1 .5 jim 
(Fig. 4d), result upon passing a charge of about 645 mC/cm 2 and about 933 mC/cm 2 on Ti on Pt 
substrates, respectively. The coating methods of the present invention, therefore, provide 
relatively superior conductive films on CNT array substrate materials in terms of both film 
uniformity and film thickness (the relatively thinner uniform films are less liable to exhibit 
10 defects due to cracking). Such uniform, thin film coatings of electrically conductive polymers on 
the CNT array substrate of the invention facilitate fast ion diffusion and migration within the 
polymers, thereby providing superior electrodic performance for the resulting conductive CNT 
electrode material. Additionally, a high charge capacity and the high charge efficiency for the 
. PPy films can be attained in the conductive CNT electrode material of the invention. 

1 5 Referring again to Figure 3, a significant morphology difference is observable between 

PPy films of different thickness and differing film formation charges (Figs. 3a and 3c). When 
the film formation charge (Q fitel ) is small (Fig. 3 a), the PPy coating is thin (about 8 to 10 nm 
(Fig.3b), and since the PPy-coated CNTs cannot stand individually, this leads to formation of 
bundles due to surface tension, which comprise an aggregation of a plurality of tubules. With 

20 increasing of Q fi i m , the thickness of the PPy film on the tubule surface increases to about 90nm 
(Fig.3d), thereby strengthening the coated tubules, free-standing tubules are obtained (Fig.3c). 
As evidenced in these figures, the film uniformity in the coatings obtained by methods of the 
invention is independent of film thickness, thereby enabling control of film thickness without 
introduction of coating defects. The free-standing conductive CNT electrode materials of the, 

25 invention can be rendered detachable as bundles comprising entire arrays from the catalytic 
surface on which the CNT arrays are grown (Figures 5 (a) - (c)). 

Figure 6 shows transmission electron micrographs (TEM) illustrating the morphology of 
nanotube composites comprising the conductive CNT electrode material of the invention for 
different PPy film thickness. Figures 6(a) and 6(d) show that the removal of "catalytic caps" 
30 (developed during CNT tubule formation and growth) by an acidic pretreatment with aqueous 
HN0 3 solution, while Figures 6(b) and 6(c) show the presence of the catalyst at the tubule tip. 
Comparison of Figures 6(a) and 6(d) with 6(b) and 6(c) indicates that the catalyst particle (in this 
case, Ni) does not affect the electrochemical surface mediated synthesis of PPy films by the 



method of the invention. For both types of nanotubes, highly uniform PPy coatings are formed 
along the length of tubules; PPy film thickness is, however, different. Furthermore, when 
thickness of PPy film increases, the tubule tips are also covered uniformly by the PPy coating as 
seen in Figures 6(b), (c) and (d). As seen in Figs. 6(a) and 6(d), no PPy coating deposition 

5 occurs on the surface of the inside-wall of the hollow CNT tubules although the tip is open. This 
is indicative of the fact that the electrolyte solution, due to surface tension effects, does not enter 
the tubules during PPy deposition. From the TEM micrographs shown in Figures 6(a) - (d), the 
thickness of PPy film and the diameter of the nanotube are related. The relationship tubule 
parameters, including diameter and length, Qmm, PPy film thickness, and the ratio of Qfn m to of 

10 PPy film thickness is shown in Table 1. These results show that thickness of the PPy film is 
linearly proportional to Qfiim up to about 68 1 .9 mC/cm 2 , suggesting that PPy film thickness can 
be controlled easily by Q fl i m before reaching critical Q fl i m (onset of non-linearity) by the method 
of the invention. Figure 6(e) further shows that the PPy coating along a long length of individual 
tubules is contiguous and uniform, indicating that they do not touch each other during the 

1 5 electro-deposition polymerization method of the invention. The separation of individual tubules 
from each other may be due to surface charges that repel them from each other, resulting in non- 
contact between adjacent tubules during the polymerization process. 

Contrary to conventional thick film ECPs on the flat substrates that peel off the substrate 
easily (for example, a PPy film peels off easily from Pt surfaces even when the film is relatively 

20 thin (Qfiim is about 933 mC/cm 2 ), the ECP films on the CNT substrates of the present invention 
exhibit good adhesion between the CNT substrate the ECP film. PPy films obtained by the 
methods of the invention do not peel off from the CNT substrate at relatively higher film 
thickness (when Q fi i m is great as 1308.6 mC/cm 2 ). Most known conventional ECPs, such as PPy, 
PAni, etc., are mechanically weak. Strengthening of ECP films is typically achieved by the 

25 following: 1) co-polymerization of the ECP monomer with a second polymer such as 

poly(vinylchloride) (PVC) to produce mechanically superior films, which however, results in 
sacrifice of film electrical conductivity; 2) formation of composites with carbon materials, such 
as carbon black, that are limited by film non-uniformity, inadequate control of film thickness and 
coating defects. The in-situ polymerization coating methods on the CNT array substrates of the 

30 present invention overcome such limitations, imparting both high strength and excellent 

electrical conductivity to fabricated conductive CNT electrode materials, and rendering them 
capable of exhibiting superior electrodic performance in electrical storage devices. 



Table 1. Relation between the nanotube parameters, film formation charge (Qfii m ), PPy film 
thickness, and Qfiim /PPy thickness ratio. 
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Figure 7 shows the cyclic voltammetry curves illustrating the influence of the CNT 
5 substrate on redox behavior of the surface coated thin PPy films in the conductive CNT electrode 
materials of the invention, and on reference flat metal surfaces (Pt and Ti). The redox curves 
shown in Figure 7 are superimposed on a "capacitive" background, in a standard manner that is 
typically used in cyclic voltammetry measurements of conducting polymers, including PPy. For 
the uncoated CNT substrate, no significant redox peaks are observable from -0.9V to +0.3V in 

10 LiC104 aqueous solution. For the CNT electrode of the invention comprising a PPy-coated 

conductive CNT electrode material of the invention, on the other hand, the following differences 
are observed: 1) the charge increases at the negative end of the potential window, and redox 
behavior is observed at about -0.55V; 2) a higher current density is observed at about -0.9V, at 
which PPy is essentially electrically insulating. This is indicative of an enhanced electronic 

1 5 conductivity of the PPy film on the CNT array substrate for the conductive CNT electrode 

material of the invention, especially at negative potential, which is an important characteristic for 
a conductive polymer material to be applied in a reducing environment; 3) an enhancement in 
specific charge capacity relative to PPy on flat Pt/Ti surface is also observed for the conductive 
CNT electrode materials of the invention. 

20 Figure 8 shows cyclic voltammograms of the conductive CNT electrode materials of the 

invention containing PPy films of varying thickness in comparison to similar films grown on 
planar metallic substrates by the coating method of the invention. The cyclic voltammograms of 
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PPy films on Pt, Ti, and a CNT array substrate with different thickness are shown in Figures 8a, 
8b, and 8c, respectively. Although a similar trend is evident for PPy films on Pt and Ti, and the 
CNT array substrate, the charge-discharge rates for Pt and Ti surfaces are strongly influenced by 
the polymer film thickness (when Qoim increases, i.e., the PPy film becomes thick, peak 
5 separation potential (AEp) increases and the typical charge- voltage (CV) characteristic of PPy 
gradually decreases). The CV characteristic of PPy-coated CNT electrode materials, on the other 
hand, unlike for Pt and Ti surfaces, is not significantly influenced by film formation charge 

(Qfiim). 

Figure 9 shows the a comparison of the doping-undoping kinetics of PPy films deposited 
10 with large Qm m for a normalized redox current by Qfiim in the conductive CNT electrode material 
of the invention. As evidenced in the figure, the CNT array substrate comprising the base for the 
conductive CNT electrode material speeds up the redox process. While the well-defined CV 
redox peaks disappear when Q fi i m is about 645 mC/cm 2 for a PPy coated flat Ti substrate, a well- 
defined CV can is observable even when Q fi i m is as high as 1308 mC/cm 2 for the PPy-coated 
15 conductive CNT electrode material of the invention. Further, the specific charge capacity of the 
PPy-coated conductive CNT electrode material is also greater than that of PPy films coated on 
flat metallic surfaces. 

Figure 10 shows the influence of electrically conductive polymer film formation charge 
(Qfiim) on the redox charge (Q re dox) for the conductive CNT electrode material of the invention 

20 (which is estimated from the anodic charge illustrated in the cyclic voltammograms), in 
comparison to corresponding film formation on flat metallic substrates. In general, Q re dox 
increases with Qfii m prior to reaching a certain threshold value, whereupon it starts to decrease 
with further increase of Qfi| m . It is evident from Figure 10 that the difference is that Qredox 
increases with Qf,j m more rapidly for the conductive CNT electrode materials of the invention 

25 containing a PPy-coating than similarly coated conventional flat electrodes comprised of metallic 
Pt and Ti substrates. Specifically, when Qfiim is around 680 mC/cm 2 , Q re dox improvements of 
about 2.5 and about 23 times have been achieved for the PPy coated conductive CNT electrode 
materials of the invention in comparison to PPy coated on flat Pt and Ti substrates, respectively. 

The present invention provides conductive CNT electrode materials for the construction 
30 of electrodes possessing substantially improved electrochemical redox performance for use in 
electrical energy storage devices. Such characteristics are important for construction of 
lightweight high-efficiency devices such as rechargeable batteries. The conductive CNT 

14 



electrode materials of the invention enable the utilization of thin, highly uniform films of 
electrically conducting polymers as stable, adherent surface coatings on carbon substrates of high 
surface area, particularly CNT substrates with well-aligned tubule morphologies. The electrical 
conductivity of the conductive CNT electrode materials of the invention can be further enhanced 
5 by introduction of suitable dopant materials in the conductive polymer coating. The dopant 
materials may be either n-type such as molecular iodine (I 2 ), or p-type such as tetrathiafiilvalene 
(TTF) and tetracyanoquinodimethane (TCNQ) that can be introduced by standard methods. The 
in-situ polymerization of monomers directly on the substrate surface utilizing the CNT array 
substrates and methods of the invention enables the deposition of uniformly thin films of 

10 electrically conducting polymers such as PPy as defect free coatings with superior electrical 
properties, enable their use as electrodes in the manufacture of high-efficiency, light weight 
electrical storage devices, in comparison to conventional devices utilizing electrodes comprising 
coated flat metal substrates. The electrochemical in-situ polymerization method of the invention 
provides polymer growth currents, particularly for PPy, on the aligned CNT array substrates that 

1 5 is substantially greater than that on the flat Ti and Pt substrates, and the resulting conductive 
CNT electrode materials show significant improved electrochemical redox performance, 
especially for PPy films with large Qnim. The significantly enhanced redox charge of PPy films 
in the PPy coated CNT array substrates of the invention in comparison to conventional flat Ti 
and Pt substrates, enables their use as hybrid materials in high-performance light-weight 

20 rechargeable batteries. 

Although examples are used herein to describe the invention in detail, it is understood 
that such detail is solely for the purpose of example, and variations and modifications can be 
made therein by those skilled in the art without departing from the spirit and scope of the 
invention. 

25 EXAMPLES 
Example 1 

Synthesis of well-aligned carbon nanotubes (CNTs) 

Well-aligned carbon nanotubes were obtained by methods disclosed in the art (see Z.F. 
Ren, et al., Science 282 (1998) 1105; Z.P. Huang et al. Appl. Phys. Lett. 73 (1998) 26; Z.F. Ren, 
30 et al., Proceedings of the 13 th International Winter School on Electronic Properties of Novel 
Materials, (1999) 263; Z.F. Ren, et al., Appl. Phys. Lett., 75 (1999) 1086; and Z.F. Ren, et al., 
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Proceedings of the 32 nd International Technical Conference of the Society for the Advancement 
of Materials and Process Engineering (SAMPE), Nov. 5-9, 2000, Boston, USA, pp. 200-204). 
Titanium (Ti) is used as base substrate upon which a thin nickel (Ni) layer of about 15 - 25 nm 
was surface coated by magnetron sputtering to function as a catalyst for CNT growth. The CNTs 
5 obtained by this method have tubule diameters ranging from 50 - 100 nm and tubule lengths of 8 
- 10 |im. Tubule diameter and length is controlled by varying the Ni layer thickness and growth 
time, respectively. 

Example 2 

PPy deposition and electrochemical measurements 

10 PPy films were deposited on CNT substrates by in-situ polymerization of pyrrole 

potentiodynamically using a standard three-electrode cell from 17.3mM pyrrole (Aldrich) and 
0.1M LiC10 4 (Aldrich, A.C.S reagent) aqueous solutions. APC4 potentiostat / Galvanostat 
(Gamary Instruments Inc., Warminster, PA 18974) was employed for the synthesis and cyclic 
voltammetric (CV) measurements of PPy films. Platinum wire was used as the counter 

15 electrode, and a saturated calomel electrode (SCE) was used as the reference electrode. Prior to 
PPy deposition, the CNT substrates were pretreated in 15% wt HNO3 aqueous solution for 30 
minutes to remove non-adherent metallic Ni catalyst particles and also to increase 
electrochemical activity of the surface of the CNTs in water and aqueous solutions. After PPy 
deposition, the substrates were soaked in double distilled water for 30 minutes to remove 

20 unreacted pyrrole monomer. Redox processes of the PPy-coated carbon nanotube electrodes 
were measured in monomer-free 0.1M LiC104 aqueous solution. Both prior to PPy deposition 
and the redox study, the solution was bubbled with nitrogen for 30 minutes to eliminate oxygen, 
and during the experiments, nitrogen gas was used as the protecting atmosphere. For 
comparison, PPy films were also electro-deposited on the flat metal substrates (titanium and 

25 platinum). In order to improve the adhesion of PPy on flat titanium (Ti) substrate, the 

pretreatment of Ti in dilute nitric acid (1 5% wt.) was carried out before the PPy deposition. All 
experiments were made in ambient temperature. All the potentials were referred to the saturated 
calomel electrode (SCE). 
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Example 3 

Characteristics of PPy Films polymerized on CNT substrates 

Film Thickness 

PPy coatings obtained on CNT substrates via the in-situ polymerization methods provides 
5 highly uniform films on the surface of individual CNT tubules. A typical film thickness of about 
90 nm is obtained by passing a charge of about 1308.6 mC/cm 2 on the outer surface of individual 
tubules. In comparison, film thickness of about 1.1 {im and about 1.5 jam, are obtained upon 
passing a charge of about 645 mC/cm 2 and about 933 mC/cm 2 on Ti and Pt surfaces respectively. 

Film Morphology 

10 PPy film morphologies are dependant on film thickness film formation charge (Qfii m ). A 

small film formation charge (Q r ,i m ) results in a thin PPy coating (about 8 to 10 nm), coated CNT 
substrates that are not free-standing. The CNT tubules form bundles as a result of surface 
tension. With increase in Qfi| m , the thickness of the PPy films on the tubule surface increases to 
about 90nm, providing mechanically strong, coated tubules that are free-standing. Such coated 

15 CNT substrates (CNT electrode materials), comprising CNT tubule arrays, are entirely 
detachable from CNT catalyst surfaces. 

Example 4 

Electrical properties of CNT electrode materials 

Redox peaks for uncoated CNT substrates are insignificant in the range of about -0.9V to 
20 about +0.3V in LiC10 4 aqueous solution. For the CNT electrode materials (PPy coated CNT 
substrate) the electrical charge increases at the negative end of the potential window, and redox 
behavior is observed at about -0.55V. A higher current density is also observed at about -0.9V, 
at which PPy is essentially electrically insulating. The charge-discharge rates are strongly 
influenced by the PPy film thickness. The peak separation potential (AE P ) increases with 
25 increasing film formation charge (Qfiim) increases, i.e., the PPy film becomes thick, and the 
typical CV characteristic of PPy gradually decreases). The current- voltage (CV) characteristic 
for the CNT electrode materials remains substantially independent of by film formation charge 

(Qfiim). 
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CLAIMS 

What is claimed is: 
5 1 . A conductive carbon nanotube electrode material comprising: 

a carbon nanotube substrate comprising a plurality of aligned carbon nanotubes arranged 
in a three-dimensional array; and 

a surface coating comprising an electrically conductive material that is present as a film 
on the surface of the individual carbon nanotubes in the array, 

10 wherein a majority of said carbon nanotubes are randomly aligned within a series of mutually 
parallel planes in a manner so as to be packed densely enough to produce multiple points of 
contact thereamong, whereby electrical continuity is established throughout said three- 
dimensional array. 

2. The conductive carbon nanotube electrode material of claim 1 wherein the carbon 
1 5 nanotubes have a substantially linear configuration. 

3. The conductive carbon nanotube electrode material of claim 1 wherein the carbon 
nanotubes have a substantially cylindrical, hollow core morphology. 

4. The conductive carbon nanotube electrode material of claim 1 wherein the carbon 
nanotubes have a stacked conical segment morphology. 

20 5. The conductive carbon nanotube electrode material of claim 1 wherein the carbon 
nanotubes have diameters ranging from 30 and 100 nanometers. 

6. The conductive carbon nanotube electrode material of claim 1 wherein the carbon 
nanotubes have lengths ranging from 5 to 10,000 nanometers. 

7. The conductive carbon nanotube electrode material of claim 1 wherein the electrically 
25 conductive material is an electrically conducting polymer. 

8. The electrically conducting polymer of claim 7 which is an organic or organo-metallic 
polymer. 

9. The electrically conducting polymer of claim 7 which is polypyrrole, polyaniline, 

polythiophene, polyacetylene or derivatives and combinations thereof. 

18 



10. The electrically conducting polymer of claim 7 wherein the electrically conducting 
polymer is polypyrrole. 

11. The conductive carbon nanotube electrode material of claim 1 wherein the electrically 
conducting material further comprises a dopant. 

5 12. The conductive carbon nanotube electrode material of claim 1 wherein the surface 
coating has a film thickness ranging from 1 to 2,000 nanometers. 

13. The carbon nanotube electrode material of claim 10 wherein the coating has a thickness 
ranging from 50 nanometers to 200 nanometers. 

14. The conductive carbon nanotube electrode material of claim 1 wherein a plurality of 
10 carbon nanotubes form a free standing aggregate. 

15. The conductive carbon nanotube electrode material of claim 14 wherein the free standing 
aggregate comprises a plurality of carbon nanotubes that are substantially aligned with one 
another along their longitudinal axis. 

16. A carbon nanotube electrode comprising a conductive carbon nanotube electrode material 
15 of claim 1 wherein a majority of said nanotubes are randomly aligned within a series of mutually 

parallel planes in a manner so as to be packed densely enough to produce multiple points of 
contact thereamong, whereby electrical continuity is established throughout said three- 
dimensional array. 

17. The carbon nanotube electrode of claim 16 further comprising a plurality of carbon 

20 nanotubes that packed together in the form of an aggregate that is cohesively bound together by 
the electrically conductive coating material so as to enable said aggregate to exist in a free- 
standing form. 

18. The carbon nanotube electrode material of claim 17 wherein the electrically conductive 
coating material is polypyrrole. 

25 19. An electrical energy storage device comprising: 

an electrically conducting carbon nanotube electrode comprising a plurality of carbon 
nanotubes in a three-dimensional array; and 
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an electrically conducting material that is present as a uniform surface coating on the 
surface of individual nanotubes, 

wherein a majority of said nanotubes are randomly aligned within a series of mutually 
parallel planes in a manner so as to be packed densely enough to produce multiple points 
5 of contact thereamong, whereby electrical continuity is established throughout said three- 

dimensional array. 

20. The electrical storage device of claim 19 wherein the electrical storage device is a 
battery, an energy storage cell, a sensor, a light-emitting diode, a capacitor, or an electrochromic 
display. 

10 21. The electrical storage device of claim 20 which is a rechargable battery. 

22. A method of preparing an electrically conductive aligned carbon nanotube array 
comprising the steps of: 

contacting a carbon nanotube substrate comprising a plurality of substantially linear 
mutually aligned carbon nanotubes with a monomeric compound capable of forming an 
15 electrically conducting polymeric material that is dissolved in an aqueous or organic 

solvent containing an electrolyte material such that said carbon nanotube substrate 
functions as a first electrode in an electrochemical cell; 

introducing a second electrode material to form a second electrode in the electrochemical 
cell; and 

20 applying an electrical potential between the first electrode and the second electrode to 

cause an electrochemical polymerization of the monomeric compound to the 
corresponding electrically conducting polymer whereby said electrically conducting 
polymer provides an adherent surface coating on the individual carbon nanotubes. 

23 . The method of claim 22 wherein the electrochemical polymerization of the monomeric 
25 compound occurs directly on the surface of individual carbon nanotube. 

24. The method of claim 22 further comprising the step of pre-treating the carbon nanotube 
substrate material with an acid solution. 
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25. The method of claim 24 wherein the acid solution is an aqueous solution of nitric acid, 
sulfuric acid, chromic acid, an organic per acid or mixtures thereof. 

26. The method of claim 24 wherein the acid solution is an aqueous solution of nitric acid. 

27. The method of claim 26 wherein the acid solution contains nitric acid ranging from 5 to 
50% by weight. 
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